The expression of the Syk protein tyrosine kinase in breast cancer cells is inversely correlated with invasive growth and metastasis. The expression of Syk inhibits cell motility while supporting the formation of cell clusters by enhancing cell-cell contacts and promoting the redistribution of the adhesion proteins cortactin and vinculin to these contacts. Syk associates physically with cortactin and catalyzes its phosphorylation on tyrosine. The clustering of integrins leads to the phosphorylation of Syk and of numerous cellular proteins in a manner dependent on the activity of the kinase and on the presence of tyrosine 342 located in the linker B region. The ability of Syk to participate in integrin-mediated protein tyrosine phosphorylation correlates well with its ability to inhibit cell motility.
Introduction
Syk is a 72 kDa cytoplasmic protein tyrosine kinase that has been studied extensively in hematopoietic cells where it is best characterized as an essential element in the signal transduction pathways operating downstream from a variety of immune recognition receptors (1) . Recently, the expression of Syk has been reported also in several nonhematopoietic cells (2) . Interestingly, in both immune and nonimmune cells, Syk has been described as either a positive or a negative regulator of tumorigenesis depending on the cell type. In breast cancer and melanoma cells, the loss of Syk correlates with enhanced malignancy, whereas the opposite appears to be true in squamous cell carcinomas and in many lymphomas (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Thus, there is considerable interest in determining the ways in which Syk modifies cell behavior.
Several observations indicate an important role for Syk as a negative regulator of tumor cell progression in breast cancer. Syk mRNA and protein are present in numerous breast carcinoma cell lines of low tumorigenic potential but are absent from highly tumorigenic cell lines due to methylation-induced gene silencing (3, 4) . In human breast tissue samples, Syk is present in normal epithelial cells and benign breast lesions but is absent from many highly malignant breast cancer cells (5, 6) . This reduced expression correlates with an increased incidence of distant metastases (7, 8) . The reexpression of Syk in highly malignant breast cancer cells reduces anchorage-independent growth, invasive growth in basement membrane matrices, and formation of tumors and lung metastases in mice (3, 9) . Likewise, the introduction of a dominant-negative Syk into cells of low tumorigenic potential enhances their ability to form tumors (3) . This altered metastatic potential may involve changes in cell migration because the inhibition of Syk expression in MCF-7 breast cancer cells increases their motility (10) . Thus, in breast cancer cells, Syk has the properties of a tumor suppressor, a function not frequently associated with a protein tyrosine kinase.
In many cells of the immune system, Syk is physically and functionally coupled to cell adhesion molecules whose function is modulated by Syk and whose engagement in turn regulates the activity of the kinase (16) (17) (18) (19) (20) (21) (22) (23) (24) . In monocytes and neutrophils, integrin engagement leads to the activation of Syk, which is required for activities such as cell spreading on extracellular matrix proteins, induction of a respiratory burst, degranulation, and, under some conditions, enhanced motility (22) (23) (24) . The activation of Syk following integrin ligation also has been described in airway epithelial cells (25) . Because integrins are components of both cell-matrix and cell-cell adhesion complexes, we were prompted to examine a role for Syk in both motility and cell-cell interactions in breast epithelial cells. A hallmark of the progression of carcinoma cells of epithelial origin to a tumorigenic phenotype is a loss of cell-cell contacts. We find that the expression of Syk not only inhibits the motility of breast cancer cells but also promotes the formation of cell-cell contacts. Syk physically associates with and phosphorylates cortactin, which, along with vinculin, is recruited to cell-cell junctions in a Syk-dependent manner. We also find that integrin ligation in breast epithelial cells is coupled to the activation of Syk and influences its localization within the cell, causing it to become excluded from the nucleus. The ability of Syk to enhance cell-cell contacts and to decrease cell motility may underlie its functions as a tumor suppressor in breast cancer.
Results

Syk Enhances Cell-Cell Interactions
Although MCF-7 cells generally express Syk (3), we identified one clone purchased from BD Biosciences that lacked detectable levels of the kinase (Fig. 1A) . These cells originated from the American Type Culture Collection and, as is characteristic of MCF-7 cells, lacked endogenous caspase-3 (data not shown). The lack of Syk in these cells provided a unique opportunity to examine the effects of its expression on the adhesive properties of these breast cancer cells. We generated two stable lines, one expressing Syk with an enhanced green fluorescent protein (EGFP) tag at the COOH terminus (Syk-EGFP) and a second expressing a catalytically inactive version [Syk-EGFP (K396R)]. Western blotting analyses indicated that each cell line expressed comparable amounts of expressed fusion protein (Fig. 1A) . A comparison of the abilities of these two cell lines to migrate through the pores of a polycarbonate Transwell insert in response to a gradient of growth factors confirmed the expected differences in motility, as the cells expressing Syk-EGFP exhibited a considerably reduced motility compared with cells expressing the catalytically inactive kinase (Fig. 1B) .
To explore a possible connection between Syk and cell-cell adhesion, we monitored the rate at which each of these two cell lines formed aggregates in suspension. In this assay, detached cells were suspended in a droplet from the lid of a cell culture plate and the number of particles, defined as a single cell or a single cluster of cells, was counted as a function of time. Cells competent for forming cell-cell contacts aggregate over time, resulting in a decrease in total particle number. We found that the rate of formation of cellular aggregates was significantly slower in cells expressing inactive Syk-EGFP(K396R) compared with active Syk-EGFP (Fig. 1C) . This observation suggests that Syk also has a role in promoting cell-cell adhesion.
To further explore this possibility, we examined the effect of a Syk inhibitor on the aggregation of MCF-10A cells, which are immortalized but nontransformed cells that express endogenous Syk (Fig. 1A) . For this assay, the aggregation of cells was examined in the presence or absence of the Syk selective inhibitor, piceatannol (26) . As shown in Fig. 1D , the formation of cell clusters was inhibited in a dose-dependent manner by piceatannol. This occurred without any change in the total cell number. At the concentrations used, DMSO, the solvent carrier for piceatannol, had no effect on cell aggregation, whereas treatment with EGTA, which blocks the formation of E-cadherin-mediated interactions, completely blocked aggregation. Cell viability, as monitored by exclusion of trypan blue, was not affected by any of the treatment protocols. Similar effects were seen in MCF-7(ATCC) cells, which also express endogenous Syk and with a different Syk inhibitor ( Supplementary Fig. S1 ). These data are consistent with a role for Syk in promoting the formation of cell-cell contacts.
Syk Promotes the Redistribution of Vinculin
The structural protein, vinculin, is a component of both adherens junctions and focal adhesions and thus plays a role in both cell-cell and cell-matrix interactions (27, 28) . To determine if the expression of Syk altered the localization of vinculin, MCF-10A and stable MCF-7 cell lines expressing either Syk-EGFP or Syk-EGFP(K396R) were examined by indirect immunofluorescence using antibodies against vinculin ( Fig. 2A) . Vinculin staining was prominent at sites of cell-cell contacts in MCF-10A cells but was largely absent from these regions in the Syk-deficient MCF-7(BD) cells. However, the reexpression of active Syk-EGFP, but not inactive Syk-EGFP(K396R), in the MCF-7(BD) cells enhanced the localization of vinculin to cell-cell junctions ( Fig. 2A) . This occurred without a change in the overall level of the protein (Fig. 2B) . In cells lacking Syk or expressing a catalytically inactive form of Syk, there was a corresponding increase in the staining of vinculin within punctate structures that could be visualized by focusing the microscope on the basolateral surface of the cells (Fig. 2A) .
To confirm this observation, we generated a MCF-7(BD) cell line in which the expression of Syk-EGFP could be induced by incubation with tetracycline and monitored the localization of vinculin as a function of the level of expressed Syk-EGFP. In the absence of tetracycline, vinculin was localized primarily to punctate structures (Fig. 2C) . A low-level expression of Syk-EGFP resulted in a partial relocalization of vinculin to sites of cell-cell interactions, whereas a higher level of expressed Syk-EGFP resulted in a more dramatic relocalization. This also occurred without a measurable change in the total level of vinculin in the cells (data not shown). Thus, Syk promotes an apparent change in the localization of vinculin, most likely from focal adhesions to adherens junctions. This may account for the ability of Syk to enhance the strength of intercellular interactions and inhibit motility in MCF-7 cells.
We then asked if any Syk could be visualized at sites of cell-cell interactions. In MCF-7(BD) cells induced to express Syk-EGFP, the tagged protein was found in multiple locations including the nucleus, cytoplasm, and perinuclear region. In addition, a small portion of the protein appeared at the plasma membrane at sites of cell-cell interactions (Fig. 3A) . To investigate this localization further, we transiently transfected vectors for the expression of Syk-EGFP into MCF-10A cells and observed a similar localization of the tagged protein (Fig. 3B) . When cells were treated with EGTA to disrupt cell-cell contacts by chelating the calcium required for E-cadherin-mediated interactions, the cells rounded up and neither Syk-EGFP nor E-cadherin could be visualized at the plasma membrane. Following the restoration of calcium to the medium and the reformation of adherens junctions, both Syk-EGFP and E-cadherin reappeared at the plasma membrane at sites of cell-cell contacts.
To determine if the localization of Syk-EGFP to sites of cellcell contacts required its catalytic activity, we examined the Syk-deficient MCF-7(BD) cells expressing Syk-EGFP(K396R) by fluorescence microscopy. The catalytically inactive enzyme displayed a similar localization to that of the active Syk-EGFP (Fig. 3C) . We also examined the localization of Syk-EGFP expressed in MCF-10A cells transformed by the expression of activated H-Ras because these cells have weak adherens junctions (29, 30) . In these Ras-MCF-10A cells, the localization of Syk-EGFP to the plasma membrane was reduced compared with normal MCF-10A cells (Fig. 3D) . Western blotting analyses indicated that endogenous Syk was expressed in these cells at a level comparable with that in MCF-10A cells (Fig. 3E ).
Syk Interacts with Cortactin
Cortactin is a structural protein known to be recruited to E-cadherin adhesion assemblies in epithelial cells where it plays a critical role in stabilizing the adherens junction (31) . Cortactin also has been shown to physically associate with Syk in platelets and in myeloid leukemia cells (32, 33) . Consequently, we examined a possible interaction between the two proteins in breast epithelial cells. Cortactin was localized in diffuse puncta located throughout the cytoplasm in Syk-deficient MCF-7(BD) cells but was partially relocalized to sites of cellcell contacts in Syk-expressing cells (Fig. 4A) . To look for an interaction between the two proteins, cortactin was immunoprecipitated from lysates of MCF-7(BD) cells stably expressing either Syk-EGFP or Syk-EGFP(K396R) and the resulting immune complexes were examined by Western blotting for the presence of either fusion protein (Fig. 4B ). Both active and inactive forms of ectopically expressed Syk-EGFP could be detected in anti-cortactin immune complexes. To confirm this interaction, cortactin also was immunoprecipitated from lysates of MCF-10A cells and these immune complexes were examined for associated wild-type, endogenous Syk. Western blotting of the anti-cortactin immune complex again revealed Syk as an associated protein (Fig. 4C) . Interestingly, E-cadherin also was found in the anti-cortactin immune complexes, consistent with a previous report (31) . Cortactin also could be detected as a protein present in anti-Syk immune complexes (Fig. 4D ). These results indicate that cortactin is a Syk binding protein in epithelial cells.
To determine if cortactin might serve as a substrate for Syk, we incubated cortactin in vitro with GST-Syk isolated from insect cells in a kinase reaction buffer containing [γ-
32 P]ATP. Phosphorylation of cortactin was observed in reactions containing GST-Syk (Fig. 4E ). We also examined the possible phosphorylation of cortactin in intact cells. Cortactin from MCF-10A cells, which form tight cell-cell junctions, contained phosphotyrosine as detected by Western blotting of anti-cortactin immune complexes. The extent of phosphorylation of cortactin was increased in cells transfected to express Syk-EGFP (Fig. 4F ).
Syk Is Activated by Integrin Crosslinking
Integrins are important modulators of both cell-cell and cell-matrix interactions. Furthermore, Syk is activated following integrin crosslinking and is required for integrin-mediated signaling in hematopoietic cells (16) (17) (18) (19) (20) (21) (22) (23) (24) . To examine a possible effect of Syk on integrin function, we examined MDA-MB-231 breast cancer cells. These cells lack E-cadherin and so are unable to form adherens junctions, lack endogenous Syk, and express high levels of β 1 integrin (34, 35) . To confirm that Syk affected the motility of these cells, we transfected them with plasmids coding for EGFP, Syk-EGFP, or Syk-EGFP(K396R) and examined these in the Transwell migration assay. The expression of Syk-EGFP, but not Syk-EGFP(K396R), inhibited the motility of the MDA-MB-231 cells (Fig. 5A ). To further confirm this observation, we generated a stable line of MDA-MB-231 cells in which the expression of Syk-EGFP was under the control of a tetracycline-inducible promoter. Motility was reduced in cells that were induced to express Syk-EGFP by treatment with tetracycline (Fig. 5B) . Thus, Syk inhibits the motility even of cells that are unable to form cell-cell contacts.
We then asked if the plating of these cells on fibronectin, a ligand for β 1 integrins, could alter the activity of Syk-EGFP. The state of phosphorylation of Syk-EGFP on tyrosine as well as that of multiple cellular proteins was enhanced as a function of time following the adhesion of cells to fibronectin-coated surfaces (Fig. 6A ). This effect required the catalytic activity of Syk because the tyrosine phosphorylation of proteins in MDA-MB-231 cells expressing Syk-EGFP(K396R), which lacks a lysine required for catalytic activity, was not affected.
To determine if the activity of Syk was regulated specifically by the clustering of integrins, we treated Syk-EFGP-expressing MDA-MB-231 cells in suspension with antibodies against β 1 integrin. The antibody-mediated crosslinking of integrins led to the phosphorylation on tyrosine of the kinase and of many other cellular proteins (Fig. 6B) . Integrin-mediated phosphorylation was not observed in cells expressing EGFP alone or catalytically inactive Syk-EGFP(K396R) (Fig. 6B) , indicating that this is a phenomenon dependent on the presence of an active Syk kinase.
Syk Tyrosine 342 Is Important for Integrin-Stimulated Protein Phosphorylation
The ability of Syk to couple receptors to intracellular pathways in hematopoietic cells is a function not only of its catalytic activity but also of specific tyrosines whose phosphorylation serves to mediate its interactions with effector proteins bearing SH2 domains or other phosphotyrosine binding motifs (36) . To examine a role for these tyrosines in breast epithelial cells, we transfected cells with a plasmid expressing a mutant Syk-EGFP in which all three major linker B sites of tyrosine phosphorylation (Y317, Y342, and Y346; ref. these three tyrosines largely abrogated integrin-mediated phosphorylation of the kinase and of cellular proteins in general (Fig. 6B) .
To determine which of these tyrosines was most important for signaling, we generated plasmids for the expression of mutants of Syk-EGFP in which specific tyrosines were replaced. The replacement of Y317, which in B cells is a negative regulatory site of phosphorylation (37) (38) (39) , had no significant effect on the ability of Syk to couple integrins to protein tyrosine phosphorylation (Fig. 6C) . Little or no phosphorylation on tyrosine of either the fusion protein or the other cellular proteins was observed with a form of Syk-EGFP lacking both tyrosines 342 and 346 [Syk-EGFP(Y342F/Y346F)], indicating that one or both of these residues was important for signaling (Fig. 6C) . To determine which of these two sites was most important, we generated additional mutants of Syk-EGFP lacking only tyrosine 342 [Syk-EGFP(Y342F)] or tyrosine 346 [Syk-EGFP(Y346F)]. As shown in Fig. 6C , elimination of Y346 had little effect on integrin-stimulated protein tyrosine phosphorylation, whereas the elimination of Y342 substantially reduced phosphorylation. Thus, Y342 is particularly important for Syk-dependent protein phosphorylation in response to integrin ligation. We then asked if there was a correlation between the ability of Syk to couple integrin ligation to protein tyrosine phosphorylation and its ability to inhibit cell motility. For this assay, MDA-MB-231 cells were transiently transfected with an expression plasmid coding for Syk-EGFP or for one of the tyrosine-substituted mutants and then tested for mobility in the Transwell assay. As shown in Fig. 6D , motility was lowest for cells expressing forms of Syk that were capable of efficiently coupling integrins to increases in protein tyrosine phosphorylation [Syk-EGFP, Syk-EGFP(Y317F), and Syk-EGFP (Y346F)]. Catalytically inactive Syk or forms of Syk lacking Y342 did not inhibit motility.
Integrin Crosslinking Leads to Changes in the Subcellular Localization of Syk
To determine if the integrin-dependent phosphorylation and activation of Syk correlated with any changes in the location of the kinase within the cell, we examined the effects of integrin crosslinking on MCF-7(BD) cells expressing Syk-EGFP. As was observed in transfected MDA-MB-231 cells, Syk-EGFP also became phosphorylated on tyrosine after integrin crosslinking when expressed in MCF-7(BD) cells (Fig. 7A) . The identification of this protein as Syk-EGFP was confirmed by immunoprecipitation of the fusion protein followed by Western blotting with phosphotyrosine antibodies (Fig. 7B) . Similarly, the antibody-mediated crosslinking of β 1 integrins on MCF-10A cells, which express wild-type Syk, led to the phosphorylation of the endogenous kinase on tyrosine (Fig. 7C ).
An examination of the Syk-EGFP-expressing MCF-7(BD) cells in suspension by fluorescence microscopy showed that Syk-EGFP was located throughout the cell including both the cytoplasm and the nucleus ( Fig. 8A and B; ref. 40) . Interestingly, the antibody-mediated crosslinking of β 1 integrin led to a change in the subcellular distribution of Syk-EGFP, which became excluded from the nucleus and confined to the cytoplasm shortly following addition of the anti-integrin antibody (Fig. 8A  and B) . At longer times following integrin engagement, the fusion protein returned to its original distribution throughout the cell. No comparable changes were seen in cells transfected to express only EGFP.
To further explore a relationship between integrins and the localization of Syk-EGFP, we plated Syk-EGFP-expressing MCF-7(BD) cells on coverslips that were coated with fibronectin. In cells in suspension or in freshly plated cells, Syk was distributed throughout the cell (Fig. 8C) . As cells began to spread, a small fraction of the protein also appeared at the cell periphery. This fraction of Syk-EGFP did not localize to focal adhesions, marked by immunostaining with antibodies against vinculin (Fig. 8E) . Syk-EGFP did, however, colocalize at the cell periphery with F-actin (Fig. 8F) . With time, Syk-EGFP became distributed diffusely throughout the cytoplasm and was largely excluded from the nucleus, except for a faint staining in nucleoli. Syk-EGFP also was excluded from sites of cell-cell contacts, which is in contrast to what was observed for cells plated on uncoated coverslips where a fraction of Syk-EGFP was found within the nucleus and at the plasma membrane (Fig. 3A) .
To compare this subcellular localization with that of Syk in actual breast epithelial tissue, we stained a section of normal human mammary tissue using an anti-Syk antibody and a fluorescently tagged secondary antibody. The results, illustrated in Fig. 8D and Supplementary Fig. S1 , indicated that Syk was present primarily in luminal epithelial cells, where it was largely excluded from the nucleus.
Discussion
The progression of breast cancer cells from a benign to a malignant phenotype is accompanied by dramatic changes in their adhesive properties as all invasive carcinomas exhibit defects in the formation of cell-cell contacts (41, 42) . These can arise from the down-regulation of E-cadherin itself or of other components of the adherens junction complex through genetic or epigenetic mechanisms (43) . Alternatively, changes in the phosphorylation of components of the adherens junction complex also affect the assembly or disassembly of cell-cell junctions (44, 45) . Whereas many tyrosine kinases including Src and the receptors for epidermal growth factor, hepatocyte growth factor, and fibroblast growth factor promote the disruption of adhesion complexes (46, 47) , our data suggest that Syk plays a role in enhancing the formation or stability of these intercellular contacts. This effect, coupled with the inhibitory effect of Syk on cell motility even in breast cancer cells lacking E-cadherin, helps explain why a loss of Syk expression in breast epithelial cells could contribute to a transformed phenotype.
The protein or proteins with which Syk interacts to modulate cell-cell adhesions are of considerable interest. We have been unable to show a direct interaction between Syk and E-cadherin or vinculin by coimmunoprecipitation assays (data not shown). However, we do detect interactions between Syk and cortactin. Cortactin is a F-actin and Arp2/3 binding protein originally identified as a substrate for v-Src in RSV-transformed fibroblasts (48, 49) . Cortactin exhibits a punctate cytoplasmic staining pattern but is recruited to E-cadherin-containing adhesion complexes and can be coimmunoprecipitated with E-cadherin from monolayers of MDCK cells (31) . It is also a protein that associates with cortical actin and is important for integrin-induced cell spreading (48, 50 ). An interaction between Syk and cortactin has been described previously in platelets and in K562 chronic myeloid leukemia cells (32, 33) . Syk, in a complex with c-Src, also is found to colocalize with cortactin in membrane ruffles in CHO cells (51) , which is consistent with the appearance of Syk-EGFP at the edges of breast epithelial cells spreading on fibronectin. In K562 cells, Syk is associated with cortactin in a manner independent of its activation (33) , and in platelets, the association of Syk with cortactin does not require its phosphorylation (32) . These findings are consistent with our observation that a catalytically inactive Syk mutant also can bind cortactin. Thus, cortactin is a candidate Syk-interacting protein in multiple cell types, which includes epithelial cells, where this interaction may explain the colocalization of both proteins to cell-cell junctions. An enhanced recruitment of cortactin would be expected to increase the stability of adherens junction complexes, as the down-regulation of cortactin by small interfering RNA or the expression of dominant-negative mutants of cortactin disrupts the formation and recruitment of E-cadherin to cell-cell contacts (31) . Similarly, cortactin associates with N-cadherinadhesion complexes and also strengthens intercellular interactions in fibroblasts (52) . Thus, the recruitment of cortactin to sites of cell-cell contacts would reasonably be expected to strengthen these interactions and may explain, in part, how Syk stabilizes intercellular adhesion. In conjunction with these observations, we also observe a decreased association of Syk with sites of cell-cell contacts in cells with weakened cell-cell interactions. In both Ras-transformed MCF-10A and MCF-7 cells plated on fibronectin, conditions that cause disassembly of adherens junctions (29, 30, 53) , we observe a notable decrease in the amount of Syk at the membrane where cells interact.
In addition to cortactin, vinculin also is recruited to sites of cell-cell interactions by the expression of catalytically active Syk. Vinculin is a component of both focal adhesions and adherens junctions where it associates with components of the E-cadherin adhesion complex and restores adhesive interactions to vinculin-null cells (27, 28) . Interestingly, the expression of Syk results in a loss of vinculin from focal adhesions concomitant with an increase of vinculin at adherens junctions, suggesting a Syk-dependent relocalization of vinculin within the cell. This contrasts with activated Src, which has the opposite effect of causing a redistribution of vinculin from adherens junctions to focal adhesions (54) . Thus, activated Src disrupts, whereas Syk enhances cell-cell contacts. Numerous studies have shown an involvement of β 1 integrins in cancer invasion and metastasis. Tumor cells expressing β 1 integrin form significantly larger primary tumors and have a dramatically increased metastasis into liver and lung (55) . In addition, inhibition of β 1 integrin function decreases the number and size of metastases in a mouse mammary carcinoma model (56) and decreases the malignancy of several breast cancer cell lines (57) . Integrin crosslinking initiates the formation of focal adhesions, which mediate interactions between the extracellular matrix and the cellular cytoskeletal network. Numerous signaling molecules are recruited to focal adhesions including Src and the focal adhesion kinase, FAK. These accelerate focal adhesion disassembly to enhance cell motility (58) . Again, Syk has the opposite effect and instead inhibits motility.
Syk has been described as colocalizing with β 1 integrin in focal adhesions in some nonhematopoietic cells (25) but not in others (59). Although we were not able to show an obvious concentration of Syk-EGFP into mature focal adhesions in breast epithelial cells, we did observe a functional connection between Syk and integrins. The activity of Syk in hematopoietic cells has been known for some time to be regulated by the ligation of integrins (16) (17) (18) (19) (20) . Syk, in turn, is required for several integrin-dependent signaling functions (22) (23) (24) and also plays a role in "inside-out" signaling to promote integrin-extracellular matrix interactions (21) . The fact that integrin crosslinking leads to the activation of Syk and to the Syk-dependent phosphorylation of other cellular proteins suggests a role for Syk in integrin signaling in breast epithelial cells as well. This activation of Syk by integrin crosslinking in breast epithelial cells is consistent with a previous report of the rapid activation of Syk through integrin clustering in airway epithelial cells (25) .
The ability of Syk to inhibit cell motility correlates well with its ability to catalyze the phosphorylation of cellular proteins in response to integrin ligation. This suggests that the two processes might be related. The integrin-stimulated phosphorylation of proteins on tyrosine requires the catalytic activity of Syk as well as Y342, an amino acid residue located in the linker B region that separates the catalytic domain from the NH 2 -terminal tandem pair of SH2 domains. The importance of Y342 may reflect either a general role for this residue in regulating the overall activity of the kinase (60) or a more selective and specific role as a docking site for effector molecules bearing SH2 domains. Interestingly, Y342, when phosphorylated, is the principal binding site on Syk for the SH2 domain of Vav family proteins. These guanine nucleotide exchange factors for Rho family GTPases serve as important regulators of the actin cytoskeleton and of cell motility (61) . A Syk-Vav interaction requiring phosphorylation at this site has been reported previously to be important for promoting β 2 integrin-mediated motility in neutrophils (24) . Why this same interaction would inhibit motility in breast epithelial cells is uncertain, but it is known that Rho family GTPases are involved in a variety of cytoskeletal functions including the assembly of focal adhesions and the promotion of cell-cell contacts (62) . Y342 also is a docking site for the SH2 domains of other effector proteins including phospholipase Cγ and Src family tyrosine kinases (36, 63) . In monocytes, for example, the phosphorylation of Y342 generates a binding site for Fgr, which promotes an interaction that inhibits the activity of Syk and thus inhibits cell spreading (22) . More work will be necessary to fully understand the critical interactions and protein substrates that mediate the effects of Syk on cell motility and cell-cell adhesion.
In B cells and cultured breast epithelial cells, Syk is found in both nuclear and cytoplasmic compartments (40, 64) . Immunohistochemical analyses of Syk in tissue samples, however, have yielded variable results. In the airway, Syk is localized primarily to the cytoplasm of columnar epithelial cells but in the nuclei of basal cells (25) . Syk is primarily nuclear in gastric epithelial cells (65) but largely cytoplasmic in breast epithelial cells (5) . Our results suggest that this differential localization of Syk may be a reflection of growth conditions and receptor engagement. We find that the clustering of integrins on MCF-7 cells in suspension, for example, leads to a transient translocation of Syk out of the nucleus and that the plating of cells on fibronectin also leads to an exclusion of Syk from the nucleus. Crosslinking the B-cell antigen receptor also leads to the transit of Syk from the nucleus (64). These differences in the localization of Syk are interesting in that specific nuclear functions for the kinase in the regulation of invasive growth, gene expression, and stress responses have been reported (40, 66, 67) .
These studies support the hypothesis that the functions of Syk as a tumor suppressor are related to its effects on cell adhesion and motility. However, in the immune system, Syk is known to couple the BCR to multiple downstream effectors, some that might reasonably be expected to enhance the survival or proliferation of cells including the Ras/extracellular signalregulated kinase and the phosphatidylinositol 3-kinase/Akt pathways (for a recent review, see ref. 68 ). In addition, our recent studies on the expression of Syk in MCF-7(BD) cells also reveal a role for Syk in enhancing cell survival in response to tumor necrosis factor through modulating the activation of nuclear factor-κB (69) . Thus, the overall effect that the expression of Syk has on the transformed phenotype of a cell likely depends on multiple factors including the cell type and the repertoire of receptors and proteins that are expressed.
Materials and Methods
Cells and Plasmids
MCF-7 cells were obtained from the American Type Culture Collection [MCF-7(ATCC)], whereas MCF-7 cells expressing the rTetR plasmid were purchased from BD Biosciences [MCF-7(BD)]. All MCF-7 cell lines were cultured in DMEM containing 10% FCS, 100 units/mL penicillin, and 100 μg/mL streptomycin. To prepare stably transfected lines, MCF-7(BD) cells were transfected with vectors coding for Syk-EGFP or Syk-EGFP(K396R) (64) together with a puromycin resistance gene, selected in medium containing puromycin, expanded, and screened for kinase expression by fluorescence microscopy and Western blotting. Tetracycline-inducible MCF-7(BD) and MDA-MB-231 cells (American Type Culture Collection) expressing Syk-EGFP were constructed using the T-REX system (Invitrogen). MCF-10A cells were cultured in DMEM/F-12 supplemented with 5% horse serum, 1 mmol/L L-glutamine, 20 ng/mL epidermal growth factor, 10 μg/mL insulin, 0.5 μg/mL hydrocortisone, and 1× anti-mycotic antibiotic (Life Technologies). cDNAs for the expression of site-directed mutants were generated using the transformer mutagenesis kit (Clontech). Ras-transformed MCF-10A cells were as described previously (29) .
Cell Aggregation Assays
MCF-10A-or MCF-7-derived cells were harvested, suspended in complete medium, and allowed to form aggregates in droplets placed on the lid of a Petri dish at a cell density of 2.5 × 10 4 cells/15 μL in the presence or absence of 4 mmol/L EGTA, various concentrations of the Syk inhibitors piceatannol or 3-(1-methyl-1H-indol-3-yl-methylene)-2-oxo-2,3-dihydro-1H-indole-5-sulfonamide (Calbiochem), or DMSO carrier (1% final concentration). Droplets were harvested at timed intervals and examined under a hemocytometer to count particle numbers.
Cell Motility Assays
Stable cell lines or tetracycline-responsive cells were suspended in serum-free DMEM in the top chamber of a Transwell apparatus with medium containing 20% FCS in the bottom chamber as a chemoattractant. Cells on the top surface were removed and those on the bottom surface of the filter were stained with 4′,6-diamidino-2-phenylindole, observed using fluorescence microscopy, and counted. For MDA-MB-231 cells transiently transfected with EGFP-tagged proteins, the cells at the bottom surface of the filter were stained with 4′,6-diamidino-2-phenylindole and then observed by fluorescence microscopy to calculate the ratio of green to blue cells, which was normalized to that of the original cell population.
Immunofluorescence
Cells cultured on coverslips were fixed with 3.7% formaldehyde for 5 min, permeabilized with 1% Triton X-100 in PBS, blocked in PBS containing 1 mg/mL bovine serum albumin, 0.05% Tween 20, and 10% goat serum, and stained with antibodies against E-cadherin [DECMA-1 (Sigma) or 4A2C7 (Invitrogen)], cortactin [4F11 (Upstate)], or vinculin [hVIN-1 (Sigma)]. Bound primary antibodies were detected using a Texas red-conjugated donkey anti-mouse antibody (Jackson Immunoresearch). For some experiments, cells were plated on coverslips coated with fibronectin (20 ng/mL) before fixation and staining. For the calcium switch experiments, MCF-10A cells transiently transfected with the plasmid coding for Syk-EGFP were treated with 4 mmol/L EGTA in medium for 20 min and then switched to complete medium for the times indicated. F-actin was detected by staining with rhodaminephalloidin (Invitrogen).
Paraffin-embedded breast sections (Spring Bioscience) were deparaffinized and rehydrated. Antigens were retrieved overnight using the 2100-Retriever (PickCell Laboratories) in antigen unmasking solution (H-3300; Vector Laboratories). Samples were washed with PBS and blocked using the MOM blocking reagent (BMK-2202; Vector Laboratories). Primary antibodies (N19) were added to sections overnight at 4°C. Bound primary antibodies were detected using goat-anti-rabbit biotinylated secondary antibody (Vector Laboratories) followed by avidin-Alexa 594 (Molecular Probes). Coverslips were mounted with Fluorosave (Calbiochem) and examined by fluorescence microscopy.
Coimmunoprecipitation
Cells were lysed in 50 mmol/LTris-HCl (pH 7.4), 150 mmol/L NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mmol/L EGTA, 10% glycerol, and protease inhibitor cocktail (Sigma). The lysates were centrifuged at 14,000 × g for 1 min. Proteins in precleared supernatants were adsorbed onto protein G Plus-agarose beads containing immobilized anti-cortactin (4F11) or anti-Syk (4D10; Santa Cruz) antibodies at 4°C for 2 h. Samples were washed four times with lysis buffer and bound proteins were analyzed by Western blotting with anti-Syk (N19; Santa Cruz) or anti-phosphotyrosine (4G10; Millipore/Upstate Biotechnology). Antibodies to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and GFP were obtained from Santa Cruz Biotechnology and BD Biosciences, respectively.
In vitro Phosphorylation
GST-Syk was isolated from lysates of Sf9 cells that had been infected with a baculovirus (70) by adsorption to and then elution with glutathione from glutathione-Sepharose. GST was purified from bacteria transformed with the GST-expressing vector pGEX-4T2. Anti-cortactin immune complexes were incubated with purified GST-Syk or GST in 25 mmol/L HEPES (pH 7.5), 2 mmol/L MnCl 2 , 1 mmol/L Na 3 VO 4 , 10 μg/mL each of aprotinin and leupeptin, 10 μmol/L ATP, and 10 μCi [γ- 32 P] ATP at 30°C for 30 min.
Integrin Crosslinking
Cells (1.67 × 10 6 /mL) suspended in serum-free DMEM were incubated with monoclonal anti-β 1 integrin (2.5 μg/mL; Chemicon) on ice for 30 min, washed twice with serum-free DMEM, incubated with goat anti-mouse IgG (2.4 μg/mL; Sigma) on ice for 15 min, and then quickly transferred to 37°C for the indicated times. For some experiments, the serum-starved cells were plated on coverslips precoated with fibronectin (20 μg/mL; Sigma) for 1 h at room temperature and then stored at 4°C overnight.
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